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Background—Sudden unexpected death in epilepsy (SUDEP) is the leading cause of epilepsy-related death. SUDEP shares many
features with sudden cardiac death and sudden unexplained death in the young and may have a similar genetic contribution. We
aim to systematically review the literature on the genetics of SUDEP.

Methods and Results—PubMed, MEDLINE Epub Ahead of Print, Ovid Medline In-Process & Other Non-Indexed Citations, MEDLINE,
EMBASE, Cochrane Database of Systematic Reviews, and Scopus were searched through April 4, 2017. English language human
studies analyzing SUDEP for known sudden death, ion channel and arrhythmia-related pathogenic variants, novel variant discovery,
and copy number variant analyses were included. Aggregate descriptive statistics were generated; data were insufficient for meta-
analysis. A total of 8 studies with 161 unique individuals were included; mean was age 29.0 (+SD 14.2) years; 6 1% males; ECG
data were reported in 7.5% of cases; 50.7% were found prone and 58% of deaths were nocturnal. Cause included all types of
epilepsy. Antemortem diagnosis of Dravet syndrome and autism (with duplication of chromosome 15) was associated with 11% and
9% of cases. The most frequently detected known pathogenic variants at postmortem were in Na* and K™ ion channel subunits, as
were novel potentially pathogenic variants (11%). Overall, the majority of variants were of unknown significance. Analysis of copy
number variant was insignificant.

Conclusions—SUDEP case adjudication and evaluation remains limited largely because of crucial missing data such as ECGs. The
most frequent pathogenic/likely pathogenic variants identified by molecular autopsy are in ion channel or arrhythmia-related
genes, with an ~11% discovery rate. Comprehensive postmortem examination should include examination of the heart and brain
by specialized pathologists and blood storage. (J/ Am Heart Assoc. 2020;9:e012264. DOI: 10.1161/JAHA.119.012264.)
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S udden unexpected death in epilepsy (SUDEP) is defined
as “the sudden, unexpected, witnessed or unwitnessed,
non-traumatic and non-drowning death in patients with
epilepsy with or without evidence of a seizure, and excluding
documented status epilepticus, in which postmortem exam-
ination does not reveal a structural or toxicological cause for

especially when other competing causes of sudden death
cannot be definitively ruled out and systematic autopsies are
not performed.>® SUDEP events account for up to 18% of all
deaths in people with epilepsy (PWE) and by potential years of
life lost ranks as the second leading cause of death in
neurological diseases after stroke.* The incidence of SUDEP is

death.” ' The diagnosis of SUDEP can be challenging, estimated to be 0.58 to 9.0 per 1000 person-years, but in
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Clinical Perspective

What Is New?

* The mechanisms of sudden unexpected death in epilepsy
(SUDEP) and its overlap with sudden cardiac death are not
well understood.

* We systemically reviewed the literature regarding genetic

contributions to SUDEP.

The most frequent variants identified in the reviewed SUDEP

cases were related to ion channel subunits and/or in

genetic syndromes known to be associated with SUDEP.

What Are the Clinical Implications?

* Our findings suggest a gap in knowledge of the genetic
causes of SUDEP in part because of limited clinical data
such as ECGs and formal cardiac and neurologic pathology
evaluations to further elucidate and define causative factors
in SUDEP cases.

refractory epilepsy patients the lifetime cumulative risk can be
as high as 35%.° '® The incidence is higher in adults than it is
in children and the majority of SUDEP cases occur at night
during sleep with decedents found in the prone position.
Analogous to the majority of sudden cardiac deaths in the
general population, SUDEP is believed to be caused by a
culmination of cardiac, neurological, and respiratory factors
leading to a “perfect storm” and death. However, in those under
the age of 40 years, genetic cardiac conditions (chan-
nelopathies, cardiomyopathies, and aortopathies) are an
important and preventable contributor to sudden cardiac
deaths cases. Channelopathies can present with both an
arrhythmia and seizure phenotype, and it is plausible that
genotype plays an integral role in determining predisposition in
SUDEP.''® Interestingly, the cardiac voltage-gated sodium
channel SCN5A was discovered in brain limbic regions, and this
discovery provided the first link between genetically predis-
posed cardiac arrhythmias and epilepsy.'® Later studies
showed a phenotype of comorbid epilepsy, cardiac arrhythmias,
and SUDEP in transgenic mice carrying human knock-in
mutations in the most common long QT syndrome (LQTS)
gene, KCNQ1.""'® While the mechanisms of death in SUDEP
are unknown, these discoveries suggest that cardiogenic
mechanisms may be involved in the sudden death of these
patients. The 2 dominant paradigms are “arrhythmogenic
epilepsy” (which may be monogenic sharing a seizure and
arrhythmia phenotype) and impaired neural circulatory control
(which leads to respiratory arrest, cardiac arrest, or both)."2°
Further evidence in support of the former hypothesis comes
from studies on large cohorts of SUDEP patients in Australia
who were found to have genetic variants encoding potassium,
sodium, and calcium ion channel subunits expressed both in

neuronal and cardiac cells.?""?* These variants may act in
isolation or require the presence of a second genetic factor or
environmental influence, such as uncontrolled seizures, QT-
prolonging anti-epileptic drugs, noncompliance with anti-
epileptic drug therapy, or autonomic dysfunction to predispose
epilepsy patients to malignant arrhythmias and sudden death. '’

Despite the direct clinical importance and compelling need
to understand the SUDEP conundrum, there are limited
studies seeking to identify genetic links to SUDEP. Research-
ers face logistical difficulties including incomplete (or absent)
autopsies, lack of adequate postmortem DNA samples or
appropriate consent, as well as the challenges inherent to
studying a rare event. Most genetic studies on SUDEP have
been of single cases or small series and often do not include
deep phenotyping or DNA from family members (often for
ethical and logistical reasons), making novel variant discovery
arduous.'” The aim of this systematic review is to synthesize
and critically evaluate the current knowledge about the
genetics of SUDEP.

Methods

The data that support the findings of this study are available
from the corresponding author upon reasonable request. This
is a systematic review that was conducted and reported in
accordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement.?® The
protocol for this systematic review was registered on
PROSPERO (CRD42017074534) and is available in full online:
(https://www.crd.york.ac.uk /prospero/display_record.php?

RecordID=74534).%*

Data Sources and Search Strategy

A comprehensive search of several databases starting from
each database’s inception through April 4, 2017 was
conducted without restriction on language. The databases
included PubMed, MEDLINE Epub Ahead of Print, Ovid
Medline In-Process & Other Non-Indexed Citations, MEDLINE,
EMBASE, Cochrane Database of Systematic Reviews, and
Scopus. The search strategy was designed and conducted by
a medical reference librarian with input from the lead
investigator. Controlled vocabulary supplemented with key-
words was used to search for genetic factors in sudden death
and epilepsy. The actual strategy is available in Data S1.
Duplicates were eliminated. References from the retrieved
original articles were searched for missing studies.

Selection of Studies

Initial screening of the identified studies was performed by 3
independent reviewers (M.N.S., J.A.G, L.A.) working in
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duplicate based on the titles and abstracts, taking into
consideration the inclusion criteria. After removing irrelevant
and nonoriginal studies, full-text screening was performed to
assess eligibility for final inclusion. Discrepancies were
resolved through discussion and consensus.

Following our a priori inclusion criteria, we selected
observational English language human studies and then
identified specific genes that had a relationship with SUDEP.
The first selection was made by reading abstracts and the
final selection by reading full articles. Two reviewers were
required for each selection. Any inclusion at the first selection
stage proceeded to the final selection. Disagreements among
reviewers required a final review by a third reviewer. We
included analyses of unique patients. If multiple studies
reported results from overlapping groups of patients (articles
reporting secondary or post hoc analyses), we included the
most comprehensive report to avoid duplication of patient
data.

Data Acquisition

Reviewers extracted data independently from the included
studies in duplicate, using a standardized, piloted, web-based
form that was developed based on the protocol (Covidence,
Melbourne, Australia). The following demographic data were
extracted where available: age at death, sex, seizures, anti-
epileptic drug use, seizure frequency, duration of epilepsy
diagnosis, and presence of autopsy or toxicology results.
Genetic data extracted included genetic variants identified,
variant type where available, and frequency among the study
population. All disagreements or differences in extracted data
were resolved by consensus.

Methodological Quality Assessment

The included studies were evaluated using a tool specific for
appraising case reports and case series that included items
from the Newcastle-Ottawa scale.”®?® The risk of bias tool
used included assessment of 5 separate domains: selection of
subjects, comparability of study groups where applicable,
ascertainment of SUDEP status and ascertainment of genetic
testing results, as well as assessment for any other sources of
bias identified. Features suggesting low risk of bias include
use of a consecutive or representative sample of patients,
limitation of confounders or appropriate adjustments as
applicable, high certainty of SUDEP classification, pathogenic-
ity of analyzed variants, and association of variants analyzed
with SUDEP. Each study was evaluated independently by 2
independent reviewers (M.N.S, J.A.G). All discrepancies were
resolved by a third reviewer. The corresponding author of the
study (CAC) had full access to all the data in the study and
takes responsibility for its integrity and the data analysis.

Statistical Analysis

As part of the a priori protocol, we planned on conducting a
meta-analysis should we have sufficient quantitative data
from the included studies. Because this was not the case, the
current analysis was focused on reporting and summarizing
descriptive parameters of the included studies and their
genetic associations.

Results

The initial search yielded 175 articles after excluding dupli-
cates. The inclusion criteria were designed to select studies
investigating the genetics of patients diagnosed with SUDEP
or any seizure disorder with a history of unexplained sudden
death in humans. The selection process is summarized in
Figure 1. A total of 8 studies were included.?"?” "3 The total
number of patients from all 8 studies was 228. However, 2 of
the studies included some cases from a prior study,?’ leaving
a total of 161 unique individuals.

Characteristics of Patients

The mean age of patients at diagnosis of epilepsy or
presentation with first seizures was 10.3 (SD £9.8) years,
with age at SUDEP of 29.0 (SD +14.2) years. Cases were
more likely to be male (61%).These data are consistent with
published data on SUDEP cases.'>3** 3" In 7 studies, all
patients had a history of documented seizures. Four studies
were from Australia with a total of 139 patients,?"?”2° 2
from the United States with a total of 14 patients,?>3® 1 from
the United Kingdom with 18 patients, and 1 from Japan with 9
patients.>’ Some of the Australian studies included patients
from prior series; after removal of duplicates, the final total of
patients was 161. The characteristics of patients are
summarized in Table 1.

The majority of studies did not report ECG findings or
explain whether an ECG was available. One study reported
that de-identified samples were received and ethical require-
ments prohibited obtaining detailed clinical information
including ECGs.?"

SUDEP and Epilepsy Classification

SUDEP cases were classified into definite in 83 (51.6%),
definite-plus in 6 (3.7%), probable in 26 (16.1%), and possible
46 (28.6) as per Nashef et al (Table 2)." In brief, SUDEP is
categorized per the following criteria: (1) definite if an autopsy
does not reveal a cause of death (including patients with a
structurally normal heart); (2) definite-plus if an autopsy was
performed and there may be an alternate contributing factor;
(3) probable if no autopsy is performed; (4) possible if there is
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Figure 1. PRISMA flow diagram demonstrating selection process of studies for inclusion in the
systematic review. PRISMA indicates Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

a competing cause of death; and (5) unknown if there is no
autopsy, no witness, and limited records."®® Two studies
focused on autism with autism-related epilepsy and SUDEP.
One study did not report the types of epilepsy®® and the other
included 2 (25%) with generalized seizures related to autism, 2
(25%) with Lennox-Gastaut syndrome and no known cause for
the remainder.®® In 2 other studies the classification of
epilepsy could not be determined because it was not reported
for each case, but the discussion commented on including
generalized, focal alcohol-related and post-traumatic causes,
with the rationale for the latter 2 stating these events may
have precipitated seizures or contributed to lowering seizure
threshold in susceptible individuals.?"®® In 1 study, this
information was not reported and an earlier study using some
of the same patients was cited.?”” One study reported a range
of epilepsy types without defined frequencies including
generalized, temporal lobe epilepsy, postencephalopathic,
and juvenile myoclonic epilepsy.?® In a study from the United

Kingdom, 33% were Dravet syndrome (DS) patients, 28% focal
specified, 22% focal unspecified, 6% generalized, and 11%
unspecified.®? One study from Australia of 10 cases focused
exclusively on cases of DS.?’ A study from Japan included 66%
with focal and 34% with generalized seizures.®' Table 3
summarizes inclusion and exclusion criteria of the cohorts.

Body Position and Time When Found Dead

Three of 8 studies did not report the position of the
body.?”3%32 Two studies were unable to determine this
because of de-identified and limited clinical data.?’** In the
remaining 3 studies (n=138), the majority of decedents
(50.7%) were found in the prone position; in 43.4% of cases,
the position was unknown. Only 2 studies reported time of
death: a study from the United States on DS reported 6 (60%)
nocturnal deaths and a study from Japan including multiple
epilepsy syndromes reported 5 (56%) nocturnal deaths.?”'
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Table 2. Classification of SUDEP and Time of Death

Article Time of Death, n
First Author, y Definite, n (%) Definite Plus, n (%) Probable, n (%) Possible, n (%) Day/Night/Unknown
Tu, 2011 22 (32.4) 0 0 46 (67.6) 0/0/68

Wegiel, 2012% 6 (100) 0 0 0 0/0/6

Bagnall, 2014** 22 (32.4) 0 0 46 (67.6) 0/0/68

Leu, 2015% 6 (44) 0 12 (66) 0 0/0/18
Bagnall, 2016728 54 (89) 2(3) 5 (8) 0 (0) 0/0/61
Friedman, 20163 5 (62.5) 0 3 (37.5) 0 0/0/8

Cooper, 2016%° 3 (30) 1(10) 6 (60) 0 4/6/0

Hata, 2017°' 6 (66) 3 (34) 0 0 4/5/0

Total (excluding duplicates) 83 (51.6) 6 (3.7) 26 (16.1) 46 (28.6) 8/11/142

SUDEP indicates sudden unexpected death in epilepsy.
*Includes 48 patients from earlier study by Tu et al (2011).
TIncludes 19 patients from earlier study by Tu et al (2011).

Study Design and Genetic Techniques

Five of the 8 studies were retrospective with molecular
autopsies to identify pathogenic variants. Two of the studies
focusing on duplications involving chromosome 15 [dup(15)]
used a combination of techniques including fluorescent in situ
hybridization, genotyping for copy number variant (CNV)
analysis, and Southern blotting, likely reflecting historical use
of technologies for case evaluation (Table 4).3%%3 These were
all performed antemortem. Two studies used Sanger sequenc-
ing exclusively: 1 focused on the top 3 LQTS loci to detect
frequency of known and novel variants in SUDEP cases, while
the other assessed polyalanine repeat expansion alleles.”'*’
Two studies used next-generation whole exome sequencing: 1
study compared cases to controls to identify deleterious
variants and the other targeted analysis to known cardiac
arrhythmia, epilepsy-related, and respiratory control
genes.”®3? The remaining 2 studies used a combination of
next-generation and Sanger sequencing.”?' One study
assessed the mitochondrial genome and reported no associ-
ations.”® Three studies also assessed CNVs: 2 studies
focused on duplications involving chromosome 15 [dup(15)]
of varying magnitude and 1 study assessed 41 (67.2%) of
decedents for CNVs, in arrhythmia, respiratory, and epilepsy-
related genes, detecting no differences.

Types of Variants Identified

Of the reported genetic variants, the vast majority were
caused by substitutions. Most of the variants were in ion
channel subunits (n=21; 13%). Duplications accounted for 14
(8.7%) variants. The variants identified as well as the
comparable frequency in a general epilepsy or control
population where available are listed in Table S1.

Genes ldentified and Characteristics

Eighteen genes and 4 different duplications were reported to
have a possible association with SUDEP: KCNHZ2, SCN5A,
KCNQ1, SCN1A, LGI1, PIK3CZA, SMC4, COL6A3, TIE1, DSC2,
LDB3, KCNE1, MYBPC3, MYH6, DSP, DSG2, DMD, isodicentric
chromosome 15[idic(15)], derivative chromosome 15 [der(15)],
tricentric chromosome 15, and triplication of chromosome 15
[trp(15)] (Table 4). The vast majority of variants were classified
as variants of unknown significance. The genes reported to be
associated with SUDEP included cation (sodium, potassium)
channel protein subunits. Only 2 studies had overlap in the
reported genes. These genes were SCN5A, known to cause
LQT3 (via gain of function) and Brugada syndrome (BrS; via loss
of function), and SCN1A, which is associated with DS, familial
hemiplegic migraine and genetic epilepsy with febrile seizures.
Figure 2 illustrates known genes associated with a variety of
genetic cardiac disorders, as well as whether these disorders
have a reported overlap with SUDEP. While we did not identify
variants in all the genes included in this figure, we included it to
depict a summation of cardiac genetic disorders that possibly
contribute to the development of SUDEP.

One study of 68 SUDEP patients specifically targeting
LQT1 (KCNQT), LQT2 (KCNHZ2), and LQT3 (SCN5A) identified 2
nonsynonymous variants in KCNH2 and 4 in SCN5A, which
have all been reported in cases of LQTS and functionally
characterized as pathogenic.?***® One of the 6 cases
carried 2 nonsynonymous polymorphisms: p.Arg1047Leu-
KCNH2 and p.Ala572Asp-SCN5A. There was no reported
seizure activity 12 months preceding death and the patient
died at an older age of 52 years. The SCN5A variant has been
reported in LQTS, sudden infant death syndrome, BrS, and
multiple cases of female victims of sudden cardiac deaths but
has now been classified as likely benign.
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Table 3. Inclusion and Exclusion Criteria of Individual Studies

revealed no structural, noncardiac or toxicological cause of death

Article
First Author, y Inclusion2 Exclusion
Tu, 2011 Known history of epilepsy, died suddenly and unexpectedly, and the postmortem examination None specified

Wegiel, 2012%

9 subjects with duplications of chromosome 15q11.2-q13 [dup(15)]
10 subjects with autism
7 control subjects

The brain of 1 subject diagnosed
with dup(15) was excluded because
of very severe autolytic changes,
and the brain of 1 control subject
was excluded because of lack of
information about cause of death

Bagnall, 2014*%

Patients with epilepsy in whom postmortem examination failed to reveal a cause of death
SUDEP or possible SUDEP as cause of death

None reported

Leu, 20152

18 with epilepsy who died of SUDEP (probable or definite)
87 living people with epilepsy (controls)
1479 nonepilepsy disease control samples

None reported

Bagnall, 2016*%

61 SUDEP cases were recruited from 3 sources:

1. 27 had participated in the epilepsy genetics research program in Melbourne, Australia, during
life and had SUDEP on follow-up;

2. 15 prospective coronial SUDEP cases were collected from 2010 to 2012 by the Departments
of Forensic Medicine (DOFM) in New South Wales, Victoria, Queensland, and South Australia;
and

3. 19 retrospective coronial SUDEP cases were collected from a review of autopsy reports over a
17-y period from 1993 to 2010 at the DOFM in Sydney.

Cases classified as definite SUDEP, definite SUDEP plus, probable SUDEP, or possible SUDEP

None reported

Friedman, 2016°

Deceased subjects in Dup15q Alliance registry with definite/probable SUDEP

Non-SUDEP: Status epilepticus;

Pneumonia; Aspiration; Drowning

Cooper, 20162° Typical electroclinical phenotype of Dravet Syndrome

Mortality and SUDEP rates estimated in 100 cases of Dravet, 87 had SCN1A mutation

None reported

Hata, 2017%"

17 autopsy cases diagnosed by a neurologist or psychologist with epilepsy. 12 cases considered
epilepsy-related sudden death. 9 were diagnosed as SUDEP, and 3 died by drowning

Other diseases that could cause
epilepsy-like symptoms were
excluded. Cases with explained
cause of death excluded

Dup indicates duplication; SUDEP, sudden unexpected death in epilepsy.
*Some of the cohort was previously reported by Tu et al (2011).

A subsequent study from the same group, utilizing 48 of the
68 SUDEP cases from the aforementioned study, was com-
bined with an additional 20 cases from an alternate source that
were specifically screened for polyalanine repeat expansions in
the homeobox PHOX2B gene.?” PHOX2B has been implicated in
dysfunction of respiratory control, including congenital central
hypoventilation syndrome, an autonomic disorder that can lead
to hypoventilation and a blunted chemoreceptor response to
hypercapnia and hypoxia. Additionally, alterations in the gene
have been associated with bradyarrhythmias and coexisting
epilepsy.** " Two synonymous variants were identified in 4
(5.9%) SUDEP decedents categorized as variants of unknown
significance; however, no polyalanine repeat expansion alleles
or point mutations were identified, suggesting against PHOX2B
as a major genetic contributor to SUDEP.

In a third study by the same group, 61 SUDEP cases
(including 19 from an earlier study) underwent whole exome

sequencing with targeted analysis of 109 genes (the top 3
LQTS genes, 29 other cardiac arrhythmia genes, 5 genes
involved in ventilation, and 72 epilepsy-related genes).?""?®
This identified 6 (10%) cases with pathogenic variants in 2
LQTS genes (KCNQT and KCNH2 as reported previously).?'
No known pathogenic variants were identified in the other
cardiac arrhythmia or respiratory control genes, and 2 known
pathogenic variants were identified in epilepsy-related genes
(DEPDC5 and PAFAH1BT). Nine candidate variants in cardiac
arrhythmia genes were identified, none of which had under-
gone functional characterization. Therefore, classification was
based on in silico prediction. No candidate pathogenic
variants were identified in the respiratory control genes. An
additional 10 candidate pathogenic variants were identified in
epilepsy-related genes (Table 4 and Table S1), which were
also based on in silico prediction. Of these, DEPDC5 nonsense
variants were considered to confer the greatest risk because
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Figure 2. Overview of complexity of genes implicated in SUDEP and other genetic cardiovascular diseases associated with sudden death. The
figure demonstrates known genes associated with each of the following conditions: BrS, 5HT receptor mutations, ERS, LQTS, ARVC, short QT,
HCM, CPVT, DCM, and primary brain SUDEP. The orange syndromes represent genetic cardiac disorders as well as primary brain SUDEP. The
surrounding boxes connected via a black solid line represent genes of which a variant can result in the clinical syndrome to which it is
connected. Blue boxes represent gene variants that have only 1 identified genetic cardiac phenotype of the diseases included. Purple boxes
represent genes with variants that have 2 identified phenotypes. For example, variants in the gene KCNHZ can result in both long QT syndrome
and short QT syndrome. Similarly, variants in RYR2 are associated with CPVT, DCM, and ARVC. However, of the included cardiac conditions,
variants in SCN1B are typically only associated with BrS. The centrally pointing red arrows represent the potential contribution of select genetic
cardiac disorders to the central clinical entity of primary brain SUDEP. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; BrS,
Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; ERS, early repolarization
syndrome; HCM, hypertrophic cardiomyopathy; 5HT, serotonin; LQTS, long QT syndrome; SUDEP, sudden unexpected death in epilepsy.

these included mutations in highly conserved areas and were
identified in 6 unrelated SUDEP cases. In addition, the
investigators conducted mitochondrial genome analysis and
did not detect any known pathogenic variants. Similarly, CNV
analysis did not detect any significant deletions or duplica-
tions.

A study from the United Kingdom performed whole exome
sequencing on 18 decedent cases and compared them with
both 87 living PWE and 1479 nonepilepsy disease controls to
identify likely deleterious variants.®? The frequency of DS in
living PWE was 34.5% (n=30) and SUDEP cases was 33%

(n=6). Of the living PWE with DS, 26 (87%) had a known
pathogenic variant in SCN7A compared with all 6 of the
decedent SUDEP cases with DS. Of the 89 512 variants
identified (in SUDEP, living PWE, and nonepilepsy controls),
these linked to 13 887 genes and a high genomewide burden
score per individual, suggesting a polygenic contribution to
SUDEP causation. Likely deleterious variants in 373 genes
were identified exclusively in the SUDEP group, 1 of which
was CACNBZ2 associated with BrS (the exact variant is not
reported and is predicted by in silico modeling only).’%°3
Other than the known SCN7A pathogenic variants in DS
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Table 5. Risk of Bias Assessment of the Included Studies

Article Ascertainment Ascertainment Functional Characterization
Author, y Selection of Subjects Comparability of Groups of Patients’ Status of Outcomes of Variant
Tu, 20112 Low risk Low risk Low risk Low risk Low risk
Wegiel, 2012% Low risk Low risk Low risk Low risk Low risk
Bagnall, 20147 Low risk Low risk Low risk Low risk Low risk
Leu, 20152 Low risk Low risk Low risk Low risk Low risk
Bagnall, 2016 Low risk Low risk Low risk Low risk Low risk
Friedman, 2016°° High risk Low risk Low risk Low risk Low risk
Cooper, 20162° Low risk Low risk Low risk Low risk Low risk
Hata, 2017°%' Low risk Low risk Low risk Low risk Low risk

cases, no known sudden death or genetic cardiac disease—
related pathogenic variants were identified. However, 5
additional candidate pathogenic variants were identified in
other genes: LG/1, PIK3C2A, SMC4, COL6A3, and TIET. The
cumulative minor allele frequency for each of these variants
was 5.56% compared with <1% in both non-SUDEP PWE and
healthy controls used as comparators in the study (see
Table S1 for detailed statistics regarding frequency for all
variants). All were Sanger-confirmed except the variant in
PIK3C2A. The LGl/1gene is associated with autosomal-
dominant partial epilepsy with auditory features and COL6A3
is associated with muscular dystrophies (from mild to severe
phenotypes).’**> The other genes are involved in cellular
signaling but have no reported association with epilepsy,
arrhythmia, or sudden death.

Another study from Australia focused exclusively on all-
cause mortality and SUDEP in 100 unrelated people with DS,
of whom 87% were genotyped antemortem for pathogenic
variants in SCN1A.%° Ten SUDEP events occurred with a
SUDEP incidence rate of 9.32 (95% Cl 4.46, 19.45) per
1000 person-years. SUDEP cases were classified as definite
in 30%, definite-plus in 10%, and probable in 60%. SUDEP
events were unwitnessed in 90% of cases and 60% occurred
during sleep. The most frequent types of mutations in the
SUDEP cases were truncations (40%), splice site (20%),
deletions exons 1 to 24 (10%), and missense (10%). In the
remaining 20%, the mutation was unclear.

A recent study from Japan reported on 9 definite SUDEP
cases with full autopsies and performed targeted whole
exome sequencing focusing on 73 known inherited cardio-
vascular disease—related genes. Six variants were identified; 3
are known to be pathogenic (LDB3, DSC2, and KCNET) and 3
are considered potentially pathogenic variants predicted by in
silico modeling (MYH6, DSP, and DSG2).*' ECGs were
available in 6 of the 9 SUDEP cases and 3 had a mildly
prolonged QTc interval for their age and sex (470, 469, and
475 ms). One of these cases carried the KCNET (p.Asp85Asn)

variant, which is a polymorphism present in 1% to 24% of
whites but may be considered pro-arrhythmic in the setting of
QT-prolonging drugs.’® This study also detected variants
normally associated with structural proteins such dystrophin
(DMD) associated with dilated cardiomyopathy, desmoglein
(DSG2) and desmoplakin (DSP) associated with arrhythmo-
genic ventricular cardiomyopathy (AVC), MYH6 associated
with both dilated cardiomyopathy and hypertrophic cardiomy-
opathy, and LDB3 associated with both noncompaction
cardiomyopathy and dilated cardiomyopathy. Although there
are notable cases of inherited ion channelopathies associated
with seizure disorders (because of the overlap of heart and
brain ion channel expression), seizures associated with
inherited structural heart disease is unusual.'*'>*"*® One
of the SUDEP cases carried 3 variants: a possibly arrhythmo-
genic variant of KCNE7! (p.Asp85Asn), a known likely
pathogenic variant in DSC2 (p.Thr275Met), and a likely
pathogenic variant in DSG2 based on in silico modeling. This
case demonstrated fibrofatty replacement of both the left and
right ventricles. It is plausible that this was a rare case of a
patient with early “hot phase” arrhythmogenic ventricular
cardiomyopathy, EEG-confirmed seizures and undiagnosed
LQT1, with the combination increasing likelihood of SUDEP.
However, the variants in DSG2 have not been characterized or
reported by other groups and may be benign bystanders. One
SUDEP case had hypertrabeculation of the left ventricle and
mild dilatation of the right ventricle on gross inspection, in
addition to a known pathogenic variant of LDB3 as well as an
in silico predicted pathogenic variant in MYH6. However,
hypertrabeculation does not necessarily mean the presence of
noncompaction cardiomyopathy because this can be seen in
normal individuals and those with idiopathic dilated cardiomy-
opathy.®? This case also had conduction system disease with
a notable decrease in the density of fibers of the sinoatrial
node, idiopathic generalized seizures, a normal ECG, and no
detectable anti-epileptic drugs on postmortem testing. Similar
to the preceding case, it is plausible there was dual pathology,
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which together increased the likelihood of sudden death. The
major strength of this article was the comprehensive autopsy
reporting on detailed cardiac structural changes that were not
known during life. Some of these changes such as nonspecific
fibrosis and mild degrees of fatty replacement can be seen in
“normal” hearts and reflect old healed myocarditis. Never-
theless, they underscore the importance of comprehensive
autopsy evaluation for phenotyping to guide subsequent
molecular autopsies. The same group also evaluated for an
overlooked and important mechanism in sudden death:
cardiac conduction system disease and bradyarrhythmias
directly causing sudden cardiac deaths, including brad-
yarrhythmia-related tachyarrhythmias (eg, QT prolongation
and torsade de pointes). One of the SUDEP cases had
markedly decreased sinoatrial node tissue, which may have
contributed to undiagnosed sinus node dysfunction. Although
most sinus node dysfunction is generally safe provided the
remaining cardiac conduction system is intact, a bradycardic
episode with a prolonged repolarization period may be
sufficient to increase the propensity for a malignant arrhyth-
mia in a PWE and altered neural circulatory control. With the
onset of an abrupt seizure, the “perfect storm” of SUDEP
could occur. The pathology may also be the result of failure to
generate an appropriate tachycardia. In the MORTEMUS
(Mortality in Epilepsy Monitoring Unit Study) study of video-
recorded SUDEP events from epilepsy monitoring units, the
most frequent arrhythmia was bradycardia and asystole.®®

Finally, 2 studies from the United States focused on dup
(15) changes, autism, autism-related epilepsy, and
SUDEP.%%32 Both series showed a high frequency of epilepsy
(up to 84.3%) with dup(15), with the leading cause of death
being a SUDEP event (67% and 43%). While autism is known to
have a higher frequency of epilepsy when compared with the
general population including mixed types of generalized tonic—
clonic, generalized absent and focal, there was also a high
frequency of Lennox-Gastaut syndrome. Notably, autism with
dup(15) was associated with SUDEP in 67% of cases
compared with 10% in PWE and autism without dup(15).3°

The summarized risk of bias for the included studies is
described in Table 5.

Discussion

This systematic review summarizes the body of evidence
related to the genetics of SUDEP and has included 8 studies
with a total of 161 unique individuals. This review reveals
some important findings. First, genes encoding for sodium
and potassium ion channel subunits are the most frequently
reported variants discovered by postmortem molecular
autopsy, as well as those with the highest yield for known
pathogenic or likely pathogenic variants. Second, DEPDCS,

which encodes for a protein in the /ML7 family involved in G-
protein signaling and is associated with autosomal-dominant
familial focal epilepsy, was the second highly ranked variant
(using in silico prediction) in a large SUDEP series. Third,
although DS is rare, given the high SUDEP rate and the
majority carrying a pathogenic variant in SCN71A, these cases
are more likely to be included in SUDEP series. Indeed, at
least 11% of the pooled cases in this study were caused by
DS. This percentage may be higher because some studies did
not report the cause. Fourth, CNVs in chromosome 15 are
associated with autism and a high frequency of epilepsy and
SUDEP. It is conceivable that changes to CNVs in chromo-
some 15 modify the risk of SUDEP and this is underexplored
in SUDEP cases without associated autism. Finally, most
SUDEP events are likely oligogenic or polygenic, although we
estimate 10% to 20% overlap with monogenic disorders based
on our experience and the largest human study of SUDEP.?8
Insufficient data prevented an aggregate or individual partic-
ipant data-based meta-analysis to be conducted.

Aside from the pre-autopsy known cases of DS with
SCNTA mutations and known dup(15) cases, which together
make up at least 31 (19.3%) of the cases of SUDEP in this
systematic review, the most frequent pathogenic variants
identified postmortem remain in ion channel and arrhythmia-
related genes. In the 161 unique cases, 7 known pathogenic
variants and 9 in silico models predicted as highly likely
pathogenic variants for a total of 16 (11%). However, the in
silico prediction alone would not meet American College of
Medical Genetics and Genomics criteria for classifying
variants. One of the variants was described as pathogenic,
but is a pro-arrhythmogenic functional polymorphism (KCNE1-
D85N). The association between LQTS, catecholaminergic
polymorphic ventricular tachycardia, and BrS with either a
dual co-existing seizure phenotype or secondary arrhythmia-
related seizures is recognized.'*'%%7:°8:61767 |t is somewhat
surprising the yield is not higher, although this could be
because of a number of reasons: lack of a 12-lead ECG,
insufficient or absent postmortem blood for DNA, or misclas-
sification as a non-SUDEP death. These estimates represent a
minimum frequency and may improve with dissemination of
the need to systematically and comprehensively investigate
SUDEP cases, including storing postmortem blood, which
should result in larger-scale studies.

The structural cardiac genes identified in 2 studies are
unusual but should not be overlooked. It is possible some of
these are benign variants. However, the Japanese study
included detailed comprehensive autopsy examination, which
suggested an early arrhythmogenic ventricular cardiomyopa-
thy phenotype, and this underscores the importance of
seeking out dual pathology. Arrhythmogenic ventricular
cardiomyopathy is a difficult diagnosis to make, even by
experienced cardiologists and pathologists. It is particularly
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difficult in the early phases of the disease, which is highly
arrhythmogenic but presents with only subtle microscopic
changes.®® The other important variable to consider is subtle
damage to the heart from repeated seizures as nonspecific
fibrosis has been described in SUDEP, as well as abnormal
perfusion in vivo in the absence of epicardial coronary artery
disease.'’

There are a number of additional points gleaned from this
systematic review, which if addressed could strengthen
research on SUDEP. There is a dearth of cases undergoing
comprehensive autopsy examination by a neuropathologist for
the nervous system and a cardiac pathologist for the heart
despite guidelines recommending that these organs undergo
evaluation by a subspecializing pathologist.>®%**"2 Further-
more, postmortem blood is not always retained for molecular
autopsies. This hampers progress in elucidating the genetic
contribution to the associated pathology. None of the
reported studies had blood and sufficient DNA from all
decedents and focused analysis on a subset with sufficient
DNA, thereby introducing error. Had mandatory collection of
postmortem blood in epilepsy cases or antemortem biobank
collection been performed, this would have facilitated
genomic, epigenomic, and gene-expression analyses.
Improvement in both sample collection and clinical data
collection would allow for more in-depth retrospective phe-
notyping and accurate capturing of SUDEP. Continued
reduction of genetic testing costs may make this process
more feasible. The use of formalin-fixed paraffin-embedded
tissue as a source of DNA for archival series of SUDEP may
provide a solution to the current limitations.”?

Furthermore, the majority of studies did not report or obtain
ECG data, which are crucial to determining an accurate
phenotype, particularly since rhythm disorders of the heart
cannot be diagnosed postmortem. Although genetic testing for
the top 3 LQTS genes can identify a pathogenic variant in =~75%
of cases with ECG-confirmed LQTS, there are a significant
number (10-20%) of patients who have variants in LQTS genes
and who do not express any phenotypic symptoms.”* There are
also those who are digenic or compound heterozygotes. The
requirement of an ECG is essential in BrS where penetrance of
known pathologic variants (eg, SCN54) is low.”> Thus, we
advocate that a 12-lead ECG should be performed on PWE and
be made available to the pathologist with a specific comment
on the autopsy report.

Basic science research using murine models of epilepsy
have shown a relationship with refractory epilepsy and sudden
death. For example, KCNA1 knockout mice show seizures,
cardiac arrhythmias, increased vagal tone, and premature
death’® and subsequently validated in a human SUDEP
case.”” These models have also shown abnormal neural-
circulatory control, which can be treated to reduce the
frequency of ictal bradycardia and SUDEP.”® A murine

knockout model of SCN7B expresses spontaneous seizures
and QT prolongation and early mortality. The SCN1B gene is
linked to generalized epilepsy with febrile seizures plus
(GEFS+), temporal lobe epilepsy, and DS.”*%° A murine model
with deficiency in glutamic acid decarboxylase isoform
(GADG65) displays spontaneous epilepsy and premature mor-
tality.®' Antibodies to GAD65 have been reported in a case of
immune-mediated epilepsy and bitemporal ictal asystole, and
although death did not occur, ictal asystole could be a SUDEP
mechanism.®? The role of serotonin (5-hydroxytryptamine) has
been linked to both SUDEP and sudden infant death
syndrome, because 5-hydroxytryptamine plays a critical role
in respiration and arousal.®® Murine models deficient in the 5-
hydroxytryptamine 2c receptor are prone to epilepsy and
premature death; mice without 5-hydroxytryptamine neurons
develop apnea, hypercapnia, blunted chemoreceptor sensitiv-
ity, and premature mortality.2*#> Mice deficient in DEPDC5
display epilepsy, and enlarged brains with malformations;®¢ 2
human cases of definite SUDEP in a single family with
DEPDC5-related epilepsy have been reported.®”

Clarity is also required regarding the interpretation of what
constitutes a SUDEP event. The current definition requires
nontraumatic, nondrowning, non-status epilepticus, unex-
pected death in an otherwise healthy PWE. Definitions
provided by experts in the field and described earlier in this
review provide some guidance. However, there is often co-
existing cardiac pathology such as bystander coronary artery
disease and some interpret this to be non-SUDEP. We believe
the presence of bystander coronary artery disease in an
epicardial coronary artery with normal origin and course, and
without evidence of an acute plaque event, ischemia, or
infarction, should still be considered as definite SUDEP. Some
of the studies acknowledged this, including 1 study that also
included a patient with co-existent pneumonia as a definite
SUDEP.2"27:28 However, other studies excluded these cases
as non-SUDEP.?° It is plausible that some of these misclas-
sified cases are harboring a potentially pathogenic variant in
ion channel or epilepsy-related genes, and perhaps fever in
the context of pneumonia triggered a fatal sudden death
event.

Strengths and Weaknesses

There are several strengths of this study. Given that SUDEP is
a rare event and underinvestigated, we have systematically
searched the literature on human decedent SUDEP cases,
including data from international SUDEP studies with genetic
data. This has also highlighted some of the inconsistencies
between studies and the lack of important phenotyping. There
are a number of limitations including a reporting bias of DS
and dup(15) studies. This is likely because of sampling bias
from studies that focused on evaluation exclusively of these

DOI: 10.1161/JAHA.119.012264

Journal of the American Heart Association 12

SISATVNV-VLIWN ANV MHIIATY DILVINHLSAS



Systematic Review Genetics SUDEP Chahal et al

populations. While the reviewers systematically assessed risk
of bias and methodological quality via standardized tools, the
ability to generalize the findings of this study to the general
population may be limited. Additionally, there are many ion
channel subunit genes associated with epilepsy.®® The finding
that the literature demonstrates a preponderance of variants
related to ion channels is not surprising compared with other
potential variants with fewer associated genes. Lastly, we
were unable to perform a meta-analysis because of a lack of
sufficient data.

Future Directions

We support a team science approach with collaborations
between centers and colleagues in disciplines including
pathology, neurology, epileptology, cardiology, and genetics
to pool cases and resources for better understanding of the
SUDEP conundrum. SUDEP remains the leading cause of
epilepsy-related death with little progress in screening or
prevention. Addressing this could save many potential years
of life. Interested readers can visit the Partners Against
Mortality in Epilepsy website for more information including
current research, collaboration opportunities, and public
policy efforts: https://pame.aesnet.org/.

Conclusions

SUDEP case adjudication and evaluation remain limited. The
most frequent known pathogenic variants and likely patho-
genic novel variants identified by molecular autopsy are in ion
channel or arrhythmia-related genes with an ~11% discovery
rate. The most frequent known genetic defects antemortum
are SCN1A in DS and dup(15) associated with autism in PWE.
ECG use in SUDEP evaluation is poor, either through under-
reporting or lack of availability to investigators. Comprehen-
sive postmortem examination of the decedent should include
examination of the heart and brain by cardiac and neu-
ropathologists, respectively.
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SUPPLEMENTAL MATERIAL



Data S1.

Supplemental Methods

Search Strategies of Used Databases

Ovid
Database(s): Embase 1988 to 2017 Week 14, EBM Reviews - Cochrane Database of Systematic
Reviews 2005 to March 29, 2017, Ovid MEDLINE(R) Epub Ahead of Print, In-Process & Other
Non-Indexed Citations, Ovid MEDLINE(R) Daily and Ovid MEDLINE(R) 1946 to Present

Search Strategy:
# Searches Results
1 exp Epilepsy/ 329244

(aura or auras or "comitial disease" or epileps* or epileptic or "falling sickness" or
2 478690
"neuronal ceroid lipofuscinosis” or seizure*).ti,ab,hw,kw.

3 lor2 489705
4 genetics.fs. 2936539
5 exp Genetics/ 790995
6 exp Genes/ 1866002
7 exp Genetic Testing/ 97414
8 exp Genotype/ 735133

(cistron or cistrons or gene or genes or genetic* or genogroup™ or genotyp* or
9 7262596
haplogroup* or haplotyp* or HCN2 or HTR2C or KCNA1 or MECP2 or



mutation® or oncogene* or PRRT2 or pseudogene* or SCN1A or SCN1B or

SCNB8A or transgene*).ti,ab,hw,kw.

10 or/4-9 8010275
11 exp Death, Sudden/ 80813
12 ((sudden adj3 death) or "mors subita” or SUDEP).ti,ab,hw,kw. 117341
1311 0r12 117342
14 3 and 10 and 13 1021

15 exp evidence based medicine/ 1094665
16 exp meta analysis/ 239198
17 exp Meta-Analysis as Topic/ 55146
18 exp "systematic review"/ 159478
19 exp comparative study/ 2773329
20 exp intervention studies/ 44649
21 exp Cross-Sectional Studies/ 459895
22 exp Cross-Over Studies/ 97483
23 exp Cohort Studies/ 1977587
24 exp longitudinal study/ 216770
25 exp retrospective study/ 1172749
26 exp prospective study/ 852083
27 exp population research/ 91474

28 exp observational study/ 167281



29 exp clinical trial/ 2090875

30 clinical study/ 238706
31 exp Evaluation Studies/ 268271
32 exp Evaluation Studies as Topic/ 955279
33 exp quantitative study/ 68431
34 exp validation studies/ 151221
35 exp field study/ 11295
36 in vivo study/ 272792
37 exp panel study/ 1271
38 exp Pilot Projects/ 221310
39 exp pilot study/ 221310
40 exp prevention study/ 6790
41 exp replication study/ 2704
42 exp trend study/ 19846
43 exp correlational study/ 25996
44 exp case-control studies/ 1001245
45 exp proportional hazards model/ 171796

((evidence adj based) or (outcome™* adj (research or assessment*)) or (meta adj
analys*) or (systematic* adj3 review*) or "comparative study" or "comparative

46 24014419
survey" or "comparative analysis™ or (intervention* adj2 study) or (intervention*

adj2 trial) or "cross-sectional study" or "cross-sectional analysis™ or "cross-



sectional survey" or "cross-sectional design” or "prevalence study" or "prevalence
analysis™ or "prevalence survey" or "disease frequency study" or "disease
frequency analysis" or "disease frequency survey" or crossover or "'cross-over" or
cohort* or longitudinal™ or retrospectiv* or prospectiv* or "population study" or
"population survey" or "population analysis" or "population research™ or
"concurrent study™ or "concurrent survey" or "concurrent analysis” or "incidence
study” or "incidence survey" or "incidence analysis" or (("follow-up" or followup)
adj (stud* or survey or analysis)) or ((observation or observational) adj (study or
survey or analysis)) or "case study™ or "case series" or "clinical series™ or "case
studies™ or "clinical study" or “clinical trial" or "evaluation study" or "evaluation
survey" or "evaluation analysis" or "quantitative study" or "quantitative analys*"
or "numerical study" or "validation study" or "validation survey" or "validation
analysis™ or "field study" or "field survey" or "field analysis™ or "in vivo study" or
"in vivo analysis" or "panel study" or "panel survey" or "panel analysis" or "pilot
study" or "pilot survey" or "pilot analysis™ or "pilot project” or ((prevention or
preventive) adj3 (trial or study or analysis or survey)) or "replication study" or
"replication analysis " or "replication trial" or "trend study" or "trend survey" or
"trend analysis" or ((correlation* adj2 study) or (correlation* adj2 analys*)) or
"case control study" or "case base study" or "case referrent study" or “case
referent study" or "case referent study" or "case compeer study" or "case
comparison study" or "matched case control™ or "multicenter study" or "multi-
center study" or study or trial or pilot or (hazard* adj (model or analys* or

regression)) or "Cox model™ or "Cox multivariate analyses" or "Cox multivariate



analysis" or "Cox regression” or "Cox survival analyses" or "Cox survival
analysis™ or "Cox survival model" or "change analysis" or GWAS or study or

studies).mp,pt.

47 or/15-45 9347075
48 14 and 47 175
49 from 14 keep 683-1021 339

limit 49 to (clinical study or comparative study or evaluation studies or guideline
or practice guideline or meta analysis or multicenter study or observational study

50 34
or systematic reviews or validation studies) [Limit not valid in Embase,CDSR;

records were retained]
51 48 or 50 185

limit 51 to (editorial or erratum or letter or note or addresses or autobiography or
bibliography or biography or blogs or comment or dictionary or directory or
interactive tutorial or interview or lectures or legal cases or legislation or news or

52 newspaper article or overall or patient education handout or periodical indexor 4
portraits or published erratum or video-audio media or webcasts) [Limit not valid
in Embase,CDSR,0Ovid MEDLINE(R),Ovid MEDLINE(R) Daily Update,Ovid

MEDLINE(R) In-Process,Ovid MEDLINE(R) Publisher; records were retained]
53 51 not 52 181
54 (exp animals/ or exp nonhuman/) not exp humans/ 8639535

((alpaca or alpacas or amphibian or amphibians or animal or animals or antelope
55 7536698
or armadillo or armadillos or avian or baboon or baboons or beagle or beagles or



bee or bees or bird or birds or bison or bovine or buffalo or buffaloes or buffalos
or "c elegans™ or "Caenorhabditis elegans™ or camel or camels or canine or
canines or carp or cats or cattle or chick or chicken or chickens or chicks or chimp
or chimpanze or chimpanzees or chimps or cow or cows or "D melanogaster” or
"dairy calf" or "dairy calves" or deer or dog or dogs or donkey or donkeys or
drosophila or "Drosophila melanogaster™ or duck or duckling or ducklings or
ducks or equid or equids or equine or equines or feline or felines or ferret or
ferrets or finch or finches or fish or flatworm or flatworms or fox or foxes or frog
or frogs or "fruit flies" or "fruit fly" or "G mellonella” or "Galleria mellonella” or
geese or gerbil or gerbils or goat or goats or goose or gorilla or gorillas or hamster
or hamsters or hare or hares or heifer or heifers or horse or horses or insect or
insects or jellyfish or kangaroo or kangaroos or kitten or kittens or lagomorph or
lagomorphs or lamb or lambs or llama or llamas or macaque or macaques or
macaw or macaws or marmoset or marmosets or mice or minipig or minipigs or
mink or minks or monkey or monkeys or mouse or mule or mules or nematode or
nematodes or octopus or octopuses or orangutan or "'orang-utan” or orangutans or
"orang-utans" or oxen or parrot or parrots or pig or pigeon or pigeons or piglet or
piglets or pigs or porcine or primate or primates or quail or rabbit or rabbits or rat
or rats or reptile or reptiles or rodent or rodents or ruminant or ruminants or
salmon or sheep or shrimp or slug or slugs or swine or tamarin or tamarins or toad
or toads or trout or urchin or urchins or vole or voles or waxworm or waxworms
or worm or worms or xenopus or “zebra fish" or zebrafish) not (human or humans

or patient or patients)).ti,ab,hw,kw.



56 53 not (54 or 55) 172

57 remove duplicates from 56 137



Scopus

TITLE-ABS-KEY (aura OR auras OR "comitial disease” OR epileps* OR epileptic OR
"falling sickness™ OR "neuronal ceroid lipofuscinosis™ OR seizure*)
TITLE-ABS-KEY/((cistron OR cistrons OR gene OR genes OR genetic* OR genogroup* OR
genotyp* OR haplogroup* OR haplotyp* OR HCN2 OR HTR2C OR KCNA1 OR MECP2
OR mutation* OR oncogene* OR PRRT2 OR pseudogene* OR SCN1A OR SCN1B OR
SCNB8A OR transgene*)

TITLE-ABS-KEY ((sudden W/3 death) OR "mors subita" OR SUDEP)
TITLE-ABS-KEY ( ( evidence W/1 based) OR (outcome* W/1 (research OR
assessment*)) OR (meta W/1 analys*) OR (systematic* W/3 review*) OR
"comparative study” OR "comparative survey" OR "comparative analysis” OR
(intervention* W/2 study ) OR (intervention* W/2 trial ) OR "cross-sectional study"
OR "cross-sectional analysis" OR "cross-sectional survey" OR "cross-sectional design"
OR "prevalence study" OR "prevalence analysis" OR "prevalence survey" OR "disease
frequency study" OR "disease frequency analysis" OR "disease frequency survey" OR
crossover OR "cross-over" OR cohort* OR longitudinal* OR retrospectiv* OR
prospectiv* OR "population study” OR "population survey" OR "population analysis"
OR "population research™ OR "concurrent study" OR "concurrent survey" OR
"concurrent analysis" OR "incidence study” OR "incidence survey" OR "incidence
analysis" OR ( ( "follow-up" OR followup ) W/1 (stud* OR survey OR analysis))
OR ( (observation OR observational ) W/1 (study OR survey OR analysis)) OR
"case study" OR "case series" OR *“clinical series” OR "case studies” OR "clinical study"
OR "clinical trial" OR "evaluation study” OR "evaluation survey" OR "evaluation
analysis” OR "quantitative study” OR "quantitative analys*" OR "numerical study" OR
"validation study” OR "validation survey" OR "validation analysis” OR "field study" OR

"field survey" OR "field analysis" OR "in vivo study" OR "in vivo analysis" OR "panel



study” OR "panel survey” OR "panel analysis” OR "pilot study” OR "pilot survey” OR
"pilot analysis” OR "pilot project” OR ( ( prevention OR preventive ) W/3 (trial OR
study OR analysis OR survey)) OR "replication study” OR "replication analysis " OR
"replication trial" OR "trend study” OR "trend survey” OR "trend analysis" OR

( (correlation* W/2 study) OR ( correlation* W/2 analys*)) OR "case control study"
OR ™"case base study" OR "case referrent study" OR "case referent study” OR "case
referent study” OR "case compeer study" OR "case comparison study” OR "matched case
control” OR "multicenter study” OR "multi-center study” OR study OR trial OR pilot
OR (hazard* W/1 ( model OR analys* OR regression)) OR "Cox model" OR "Cox
multivariate analyses” OR "Cox multivariate analysis" OR "Cox regression” OR "Cox
survival analyses” OR "Cox survival analysis” OR "Cox survival model" OR "change
analysis" OR gwas OR study OR studies)

land2and 3 and 4

TITLE-ABS-KEY ((alpaca OR alpacas OR amphibian OR amphibians OR animal OR
animals OR antelope OR armadillo OR armadillos OR avian OR baboon OR baboons OR
beagle OR beagles OR bee OR bees OR bird OR birds OR bison OR bovine OR buffalo OR
buffaloes OR buffalos OR "c elegans" OR "Caenorhabditis elegans” OR camel OR camels
OR canine OR canines OR carp OR cats OR cattle OR chick OR chicken OR chickens OR
chicks OR chimp OR chimpanze OR chimpanzees OR chimps OR cow OR cows OR "D
melanogaster" OR "dairy calf" OR "dairy calves" OR deer OR dog OR dogs OR donkey OR
donkeys OR drosophila OR "Drosophila melanogaster” OR duck OR duckling OR ducklings
OR ducks OR equid OR equids OR equine OR equines OR feline OR felines OR ferret OR
ferrets OR finch OR finches OR fish OR flatworm OR flatworms OR fox OR foxes OR frog
OR frogs OR "fruit flies" OR "fruit fly" OR "G mellonella" OR "Galleria mellonella" OR
geese OR gerbil OR gerbils OR goat OR goats OR goose OR gorilla OR gorillas OR hamster

OR hamsters OR hare OR hares OR heifer OR heifers OR horse OR horses OR insect OR



10

11

insects OR jellyfish OR kangaroo OR kangaroos OR kitten OR kittens OR lagomorph OR
lagomorphs OR lamb OR lambs OR llama OR llamas OR macague OR macaques OR macaw
OR macaws OR marmoset OR marmosets OR mice OR minipig OR minipigs OR mink OR
minks OR monkey OR monkeys OR mouse OR mule OR mules OR nematode OR
nematodes OR octopus OR octopuses OR orangutan OR "orang-utan” OR orangutans OR
"orang-utans" OR oxen OR parrot OR parrots OR pig OR pigeon OR pigeons OR piglet OR
piglets OR pigs OR porcine OR primate OR primates OR quail OR rabbit OR rabbits OR rat
OR rats OR reptile OR reptiles OR rodent OR rodents OR ruminant OR ruminants OR
salmon OR sheep OR shrimp OR slug OR slugs OR swine OR tamarin OR tamarins OR toad
OR toads OR trout OR urchin OR urchins OR vole OR voles OR waxworm OR waxworms
OR worm OR worms OR xenopus OR "zebra fish" OR zebrafish) AND NOT (human OR
humans or patient or patients))

5and not 6

DOCTYPE(le) OR DOCTYPE(ed) OR DOCTYPE(bk) OR DOCTYPE(er) OR
DOCTYPE(no) OR DOCTYPE(sh)

7 and not 8

PMID(0*) OR PMID(1*) OR PMID(2*) OR PMID(3*) OR PMID(4*) OR PMID(5*) OR
PMID(6*) OR PMID(7*) OR PMID(8*) OR PMID(9%)

9 and not 10



Table S1. Key genes and loci identified.

Avrticle n Country
First author,

year

Tu, 48 Australia

2011*

Wegiel, 6 USA

20122

Bagnall, 68 Australia

20143

Genes*

or loci

KCNH2

SCN5A

+1dic(15)(q13;
q13)
+der(15)

trp(15)

PHOX2B

Mutation Protein

locations type

exon 4 potassium channel
exon 13

exon 12 sodium channel
exon 12

exon 18

exon 28

BP3:BP3 exchange chromosome
BP4:BP5 exchange

BP3:BP3 exchange

trp(15)(q11.2q13)

none developmental

protein

AA change

Argl76Trp

Argl047Leu

His558Arg

Ala572Asp

Pro1090Leu

Pro2006Ala

Cases with

mutation

(MAF, %)

1(1.0)

4(4.2)

19 (19.8)

1(L.0)

1(1.0)

1(1.0)

control MAF;

study and

population where

available®

0 (study)

0-1.1 (dbSNP
Euro)

2.9 (study)

1.8 (dbSNP Euro)

9.5-19.1 (dbSNP

Euro)

0.6 (study)

0.4 (dbSNP)

0 (study)

0.3 (study)

dbSNP

rs36210422

rs36210421

rs1805124

rs36210423

rs1805125

rs45489199




Leu,

2015*

Bagnall,

2016°

18

61

UK

Australia

SCN1A

LGI1

PIK3C2A

SMC4

COLG6A3

TIE1

AKAP9

ANK2

CHRNA4

2q24.3

10923.33

11p15.1

3425.33

29373

1p34.2

not reported

sodium channel

leucine-rich glioma

inactivated protein

intracellular

signaling protein

structural
maintenance of

chromosomes

collagen type 6 alpha

3

angiopoetin receptor

A-kinase anchor

protein

ankyrin

nicotinic cholinergic

receptor subunit

Not reported 2 (5.56)

2 (5.56)

2 (5.56)

2 (5.56)

2 (5.56)

2 (5.56)

11e1749Thr not reported

Arg2607Gly

Alal027Asp
Ser2440Asn

11e3903Asn

Phe66Leu

11.19 (epilepsy);

0.16 (disease)

0 (epilepsy)
0.08 (disease)

0.61 (epilepsy)
0.04 (disease)
0.61 (epilepsy)

0.04 (disease)

0 (epilepsy)
0.19 (disease)

0 (epilepsy)
0.14 (disease)

not reported

not reported

not reported




DEPDC5

GABRB3

HCN4

KCNH2

KCNQ1
KCNQ2
RYR?2

PAFAH1B1

PCDH19
SCN1A
SCN1B

SCN2A

SCN5A

mTOR regulation

GABA receptor

subunit
potassium channel

potassium channel

potassium channel
potassium channel
Ryanodine receptor

platelet activating

factor
protocadherin
sodium channel
sodium channel

sodium channel

sodium channel

Arg843*
Serl9Thr
Arg286*
Arg347His
GIn1016*

Arg1332*

Tyrl82Phe

Glu1193GIn

Arg744*

Gly924Ala
Tyr662*
Ala306Val
Cys1489Arg

Gly162Ser

Asn509Ser
Gly1480Val
Arg96GIn

Arg1882Gin

Asn976Lys

11e397Val

Val223Gly




Friedman,

2016°

Cooper,

20167

Hata,

20178

8 USA
10 Australia
9 Japan

SPTAN1

+Idic(15)15q1
1-q13

SCN1A

SCN5A

DSC2

LDB3

KCNE1

MYBPC3

MYH6

DSP

20243

NM_1986056.2

NM_024422.3

NM_024422.3

NM_007078.2

NM_001127670.2

NM_00256.3

NM_002471.3

NM_004415.2

spectrin

chromosome

sodium channel

sodium channel

desmocollin

LIM domain binding

protein

regulates potassium

channels

cardiac myosin

binding protein C

cardiac alpha myosin

heavy chain

desmoplakin

GIn425Arg

IVS7+1Gly>Ala
Del exon 1-22
Lys1846fsX185
6

Arg613X
IVS4+1Gly>Ala
Asp79His
Arg5806X

Arg1193GIn

Gly790del

Thr275Met

Asp673Asn

Asp85Asn

Thr1046Met

Ala822Thr

Leu2628Pro

not reported

7.09 (East Asian)

1.77 (East Asian)

0 (East Asian)

0.16 (East Asian)

0.56 (East Asian)

0.058 (East Asian)

0.21 (East Asian)

0.19 (East Asian)

not reported

rs41261344

rs37727275

not described

rs45514002

rs1805128

rs371061770

rs138419275

rs147484870




DSG2 NM_001943.3 desmoglein Pro927Leu 1 0.37 (East Asian) rs146402368

DMD NM_004006.2 dystrophin Arg395Gly 1 0.24 (East Asian)
ANK2 NM_001148.4 dystrophin Ser105Thr 1 not reported not described
NM_001148.4 Glu1934Val 1 0 (East Asian) not described

"HUGO gene nomenclature committee names; "Where available; ‘This study reported PHOX2B is not associated with SUDEP; Sincluded population MAF relevant to the individual study.

dbSNP, single nucleotide polymorphism database; Euro, European controls.
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